Background: Activation of the immune response following pathogen infection appears to play a critical role in the elicitation of neurodegeneration. Results: P. aeruginosa infection induced neurodegeneration, and mutation of the maternal effect sterile gene mes-1 resulted in resistance to P. aeruginosa-induced neurodegeneration in C. elegans. Conclusion: Germ line loss results in resistance to P. aeruginosa-induced neurodegeneration. Significance: Our results reveal that pathogen infection results in neurodegeneration in C. elegans.
Increasing evidence indicates that immune responses to microbial infections may contribute to neurodegenerative diseases. Here, we show that Pseudomonas aeruginosa infection of
Caenorhabditis elegans causes a number of neural changes that are hallmarks of neurodegeneration. Using an unbiased genetic screen to identify genes involved in the control of P. aeruginosainduced neurodegeneration, we identified mes-1, which encodes a receptor tyrosine kinase-like protein that is required for unequal cell divisions in the early embryonic germ line. We showed that sterile but not fertile mes-1 animals were resistant to neurodegeneration induced by P. aeruginosa infection. Similar results were observed using animals carrying a mutation in the maternal effect gene pgl-1, which is required for postembryonic germ line development, and the germ line-deficient strains glp-1 and glp-4. Additional studies indicated that the FOXO transcription factor DAF-16 is required for resistance to P. aeruginosa-induced neurodegeneration in germ line-deficient strains. Thus, our results demonstrate that P. aeruginosa infection results in neurodegeneration phenotypes in C. elegans that are controlled by the germ line in a cell-nonautonomous manner.
Neurodegenerative diseases represent a serious health problem in modern society. Increasing evidence indicates that immune responses in humans may play a critical role in the elicitation of neurodegeneration (1) (2) (3) , but the mechanisms underlying the process remain obscure. Here, we used the nematode Caenorhabditis elegans to investigate the potential relationship between bacterial infection and neurodegeneration. C. elegans was chosen as a model genetic organism because of a number of traits that facilitate the study of neurodegeneration, including a hermaphroditic lifestyle, a short 2-3-week life span, and nervous system simplicity. Indeed, the C. elegans nervous system consists of only 302 neurons, which represent most types of neurons in the mammalian brain, including sensory neurons, motor neurons, and interneurons (4) . Because development is reproducible among individuals, each neuron can be individually identified (5) . Moreover, the entire connectivity of the C. elegans nervous system has been reconstructed by serial electron micrographs (5) .
It is well known that aging can induce neurodegeneration in C. elegans (6 -9) . For example, C. elegans touch receptor neurons exhibit morphological changes that are associated with neurodegeneration during aging, including the accumulation of novel neuronal outgrowths and decline in synaptic integrity (9) . In addition, many environmental contaminants, including metals, insecticides, pesticides, and fungicides, also cause morphological changes in the nervous system of C. elegans that result in neurodegeneration (10 -17) . Previous studies have shown that at least seven sensory neurons play an important role in controlling innate immunity against infections by Pseudomonas aeruginosa in C. elegans (18 -20) ; however, whether the pathogen affects the rate of neurodegeneration remains unknown.
Here, we first investigated whether P. aeruginosa infection causes morphological changes in the sensory neurons of C. elegans that are associated with neurodegeneration. We found that infected animals exhibited a number of neural changes that are hallmarks of neurodegeneration. To identify genes that when mutated may enhance resistance to P. aeruginosa-induced neurodegeneration, we conducted a forward genetic analysis of nematodes exhibiting enhanced resistance to killing by P. aeruginosa. We isolated a strain carrying a deletion in mes-1, which was resistant to both P. aeruginosa-mediated killing and P. aeruginosa-induced neurodegeneration. The mes-1 gene encodes a receptor tyrosine kinase-like protein that is required for unequal cell divisions in the early embryonic germ line. Thus, our findings indicate that the survival of neuronal cells during exposure to bacterial pathogens is controlled by the C. elegans germ line in a cell-nonautonomous manner.
Experimental Procedures

Nematode and Bacterial Strains
The C. elegans strains used in this study were wild-type N2 Bristol, OH4168 otIs151 (Pceh-36::RFP ϩ rol-6(su1006)); otEx2419 (Pgcy-1::GFP ϩ unc-122::GFP), CX5974 kyIs262 (unc-86::myr GFP ϩ odr-1::RFP) IV, OH3192 ntIs1(Pgcy-5::gfp ϩ lin-15(ϩ)), CZ1200 juIs76 (Punc-25::gfp ϩ lin-15(ϩ)), SS149 mes-1(bn7), and SS579 pgl-1(bn101), which were obtained from the Caenorhabditis Genetics Center (supported by the National Institutes of Health National Center for Research Resources). Strains AY109 mes-1(bn7);ntIs1(Pgcy-5::gfp ϩ lin-15(ϩ)), AY110 pgl-1(bn101);ntIs1(Pgcy-5::gfp ϩ lin-15(ϩ)), AY111 glp-1(e2141);ntIs1(Pgcy-5::gfp ϩ lin-15(ϩ)), and AY112 glp-4(bn2);ntIs1(Pgcy-5::gfp ϩ lin-15(ϩ)) were constructed using standard genetic manipulation techniques. The rescue strain AY113 was constructed by injecting Pmes-1::mes-1 and co-injecting the marker Punc-122::gfp into ac319 animals. C. elegans were grown and maintained at 20°C on plates containing nematode growth medium (NGM) 2 that were seeded with Escherichia coli OP50 as a food source as described previously (21) unless otherwise mentioned. The bacterial strains used were E. coli OP50 and P. aeruginosa PA14. E. coli and P. aeruginosa cultures were grown in Luria-Bertani (LB) broth overnight at 37°C.
C. elegans Killing Assay
Gravid adult nematodes were allowed to lay eggs on NGM plates for 3 h at 25°C to obtain synchronized animals. The bacterial lawns used for the C. elegans killing assays were prepared by placing a 30-l drop of an overnight culture of P. aeruginosa on modified NGM agar medium (0.35% instead of 0.25% peptone) in 3.5-cm diameter plates. The plates were incubated overnight at 37°C and cooled to room temperature for at least 1 h before seeding with synchronized young adult animals. The killing assay was performed at 25°C, and live animals were transferred daily to fresh plates. Young adult animals were used in all cases unless otherwise indicated. The scored animals were considered dead if they failed to respond to the gentle touch of a platinum wire. Three replicates were analyzed in each experiment.
Genetic Screen of Mutants Resistant to P. aeruginosa
Ethylmethanesulfonate mutagenesis was performed using the OH3192 strain, which expresses GFP in the ASER neuron. Mutant isolation was performed as described previously (22) . Briefly, early L4 larvae of OH3192 were treated with 50 mM ethylmethanesulfonate for 4 h and recovered for 2 h. Approximately 10 late L4 larvae (P0 generation) were transferred to large Petri dishes and allowed to lay ϳ100 eggs of F1 progeny. The P0s were then removed, and the F1s were allowed to grow to adulthood. After 1 day of egg laying, the F1s and any hatched F2 progeny were removed by washing. The eggs of the F2s, which stuck to the plates, were allowed to develop to L4 larvae on E. coli OP50, transferred to plates containing P. aeruginosa PA14, and incubated for 72 h at 25°C. Live worms were collected and cultured singly on NGM plates seeded with E. coli OP50. These worms were allowed to lay eggs overnight. Mixtures of the eggs and hatched L1 larvae were transferred to fresh NGM plates seeded with E. coli OP50. After incubation for 4 -5 days, the worms were lysed using a solution of sodium hydroxide and bleach (5:2 ratio) and washed, and the eggs were synchronized for 22 h in S basal liquid medium at room temperature. The synchronized L1 larvae were placed on NGM plates seeded with E. coli OP50 and grown at 20°C until the animals had reached the L4 larvae or young adult stage. The animals were collected and used for the survival and neurodegeneration assays on P. aeruginosa PA14.
C. elegans Neurodegeneration Assay
The bacterial lawns used for the neurodegeneration assay were prepared as indicated below.
Partial Lawn-The bacterial lawns used for the neurodegeneration assay were prepared by placing 50 l of an overnight culture of PA14 on modified NGM agar medium in 3.5-cm diameter plates.
Full Lawn-The full lawn plates used for the C. elegans neurodegeneration assay were prepared by spreading 50 l of an overnight culture of PA14 over the entire surface of modified NGM agar medium in 3.5-cm diameter plates. P. aeruginosa PA14 was incubated overnight at 37°C and then incubated at 25°C for 24 h before seeding with synchronized animals. L4 larvae or young adult nematodes were transferred to PA14 plates and grown for 30 h at 25°C.
The animals were mounted onto agar pads and visualized using a Zeiss Axioscope microscope or Leica M165 FC microscope. The worms were analyzed for a number of morphological changes that are hallmarks of neurodegeneration, including beaded dendrites, wavy dendrites, branching dendrites, and changes in the soma described as branching. A worm was scored as exhibiting neurodegeneration when the neurons displayed the aforementioned changes. Three independent experiments were performed, and ϳ60 animals were used for each experiment.
Chemotaxis Assay
Chemotaxis was studied as described previously (23, 24) . Briefly, 9-cm assay plates (5 mM potassium phosphate (pH 6.0), 1 mM CaCl 2 , 1 mM MgSO 4 , and 2% agar) with a gradient of NaCl were used. The gradient was created by placing overnight an agar plug excised from a plate containing 100 mmol/liter NaCl. Shortly before the chemotaxis assay, the NaCl plug was removed, and 1 l of 0.5 mol/liter sodium azide was spotted onto the same position to anesthetize the animals. As a control, sodium azide was spotted at a position ϳ4 cm away from the center of the NaCl gradient. Synchronized young adult nematodes were transferred to plates seeded with E. coli or P. aeruginosa for 30 h at 25°C. After the incubation, ϳ100 animals/ condition were placed equidistant (ϳ3 cm) from the two spots of the aforementioned 9-cm assay plates. The animals were allowed to move freely for 30 min at 25°C. The assay plates were then chilled to 4°C, and the number of animals around each spot was counted. The chemotaxis index was calculated as (A Ϫ B)/(N Ϫ C), where A is the number of nematodes within 1 cm of the peak of the salt gradient, B is the number of nematodes within 1 cm of the control spot, N is the number of all nematodes on the assay plate, and C is the number of animals that did not move from the original region. All of the assays were conducted independently in triplicate.
RNA Interference
RNA interference was used to generate loss-of-function RNAi phenotypes by feeding nematodes E. coli strain HT115 expressing double-stranded RNA homologous to the target gene daf-16. E. coli HT115 strain was grown in LB broth containing ampicillin (100 g/ml) at 37°C overnight and plated onto NGM containing 100 g/ml ampicillin and 5 mM isopropyl 1-thio-␤-D-galactopyranoside. The dsRNA-expressing bacteria were allowed to grow overnight at 37°C. L2 or L3 larval animals were placed on RNAi or vector control plates for 3 days at 15°C until the nematodes became gravid. Gravid adults were then transferred to fresh RNAi-expressing bacterial lawns and allowed to lay eggs at 25°C for 2 h to synchronize a secondgeneration RNAi population. After removing the adults, the hatched eggs and nematodes were grown at 25°C for 60 h. unc-22 RNAi served as a control.
Statistical Analysis
Animal survival was plotted as a nonlinear regression curve using Prism (version 4.00) (GraphPad Software, La Jolla, CA). The survival curves were considered significantly different from the control when the p values were Ͻ0.05. Prism uses the product limit or Kaplan-Meier method to calculate survival fractions and the log-rank test, which is equivalent to the Mantel-Haenszel test, to compare survival curves. A two-sample Student's t test for independent samples was used to analyze the neurodegeneration rate, and p Ͻ 0.05 was considered significant. All experiments were repeated at least three times unless otherwise indicated.
Results
P. aeruginosa Infection Induces Neurodegeneration in C. elegans-
To investigate the effect of bacterial infection on sensory neurons, we infected animals expressing RFP or GFP in amphid neurons with P. aeruginosa strain PA14. We found that the sensory neurons of animals infected with P. aeruginosa exhibited a number of morphological changes that can be considered hallmarks of neurodegeneration. These morphological changes included beaded dendrites, wavy dendrites, branching dendrites, and changes in the soma described as branching ( Fig.  1A) . Strain OH4168, which expresses a ceh-36::rfp transgene that allows visualization of ASE neurons (25) , exhibited a num- ber of morphological changes associated with neurodegeneration 30 h after infection with P. aeruginosa (Fig. 1B) . These changes were confirmed using strain OH3192, which expresses GFP only in the ASER neuron driven by the promoter of the gcy-5 gene (26, 27) ( Fig. 1B) . Similar changes were induced by P. aeruginosa infection in strain CX5974 (Fig. 1C ). This strain uses the odr-1 promoter to express RFP in AWC, AWB, and I1 neurons (28) , but only AWC can be observed in the confocal plane. None of these changes were observed when the animals were exposed for 30 h to E. coli OP50 (Fig. 1, B and C) , which is the normal food source of C. elegans in the laboratory. These results indicated that exposure to pathogenic bacteria resulted in neurodegeneration.
Although Fig. 1 , B and C, shows important changes related to neurodegeneration, we performed a functional assay to address the function of ASE neurons after infection with P. aeruginosa. We took advantage of chemotaxis toward NaCl, which is uniquely controlled by ASE sensory neurons (23) . Thus, we examined the chemotaxis toward NaCl of strain OH3192 cultured on E. coli or P. aeruginosa plates. As shown in Fig. 1D , P. aeruginosa infection caused a significant decrease in chemotaxis toward NaCl, which indicated that the infection not only affected neural morphology but also impaired ASE function.
Chemosensation is used by C. elegans to search for food or to avoid noxious conditions (29) . Indeed, pathogen avoidance is part of the defense response of C. elegans against P. aeruginosa infection (20, 30 -32) . To assess whether pathogen avoidance protects C. elegans against neurodegeneration induced by P. aeruginosa infection, assays were performed in plates containing partial or full lawns of P. aeruginosa. By infecting the animals on full lawns of P. aeruginosa, the ability to reduce pathogen exposure by leaving the lawn is eliminated. Consistent with the idea that pathogen avoidance protects against P. aeruginosa infection, animals grown on full lawns of P. aeruginosa exhibited significantly increased neurodegeneration compared with those grown on partial lawns (p Ͻ 0.01) ( Fig. 2A) . The exposure of animals on partial lawns of P. aeruginosa resulted in only moderate neurodegeneration ( Fig. 2A) .
To examine the susceptibility of animals at different developmental stages to P. aeruginosa-induced neurodegeneration, L1 larvae, L4 larvae, young adults, or 2-day-old nematodes were infected. P. aeruginosa-induced neurodegeneration was increased in L1 larvae compared with L4 larvae, young adults, or 2-day-old animals ( Fig. 2B ), suggesting that larval neurons may be more susceptible to P. aeruginosa-mediated neurodegeneration than adult neurons. We also examined the susceptibility of motor neurons to pathogen-induced neurodegeneration. P. aeruginosa-induced neurodegeneration in strain OH3192 was compared with that induced in CZ1200 animals, which express GFP in GABAergic motor neurons (Fig. 2C) . The results indicated that sensory neurons were more sensitive to pathogen-induced neurodegeneration than motor neurons.
We also assessed whether osmotic stress could induce neurodegeneration. Similarly to P. aeruginosa exposure, osmotic stress caused by exposure to 450 or 500 mM NaCl killed 50 -60% of the animals after 48 h of exposure (Fig. 3A) . Although osmotic stress initially killed C. elegans more rapidly than P. aeruginosa (Fig. 3A) , it did not induce significant neurodegeneration (Fig. 3B) . These results indicated that neurodegeneration induced by P. aeruginosa infection was not due to the premature death of the animals.
Isolation of C. elegans Mutants
That Are Resistant to P. aeruginosa-induced Neurodegeneration-To identify C. elegans mutants that were resistant to P. aeruginosa-induced neurodegeneration, we used a forward genetic screen. First, 340 mutagenized OH3192 nematodes were used to isolate mutants with enhanced resistance to pathogen infection. Of the five initial mutants isolated, only three exhibited significant resistance to P. aeruginosa-mediated killing after four backcrosses (Fig. 4 , A-E). Mutant 319 was named ac319 and chosen for further analysis based on its strong resistance to pathogen infection. In addition, compared with other mutants, the ac319 mutant exhibited the most highly significant enhanced resistance to P. aeruginosa-induced neurodegeneration (Fig. 4F) . Interestingly, among all of the isolated mutants, the ac319 mutant segregated both fertile animals and sterile animals that did not exhibit a germ line (Fig. 5A) . Because a number of germ linedeficient mutants are temperature-sensitive (33, 34) , we decided to assess the sterility of ac319 animals at 15, 20, or 25°C individually. We found that the percentage of sterile nematodes increased with the rising temperature (Fig. 5B) . DECEMBER 4, 2015 • VOLUME 290 • NUMBER 49
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To confirm that the aforementioned sterile phenotype of the ac319 mutants was not due to heterozygosity, we analyzed the percentage of germ line-deficient animals among the progeny of fertile ac319 mutants. We found that 40 -50% of the progeny of the ac319 animals were sterile (Fig. 5C ), indicating that a maternal effect sterile mutation caused the offspring of homozygous mutant mothers to develop into sterile adults. Further analysis revealed that the ac319 mutants with normal germ lines survived as long as the wild-type animals following exposure to P. aeruginosa, whereas the germ line-deficient ac319 mutants exhibited greater resistance to P. aeruginosa infection (p Ͻ 0.01) (Fig. 6A) . The germ line-deficient animals also displayed a strong resistance to P. aeruginosa-induced neurodegeneration, whereas the fertile animals demonstrated neurodegeneration comparable with that of control animals (Fig. 6, B and C) . These results suggested that germ line-deficient animals might be more resistant to P. aeruginosa-induced neurodegeneration.
Germ Line-deficient Mutants Are Resistant to P. aeruginosainduced Neurodegeneration-As a first step in the identification of the ac319 mutation, we sequenced genes that are known to cause germ line deficiency and enhanced resistance to pathogen killing, including glp-1, mes-1, and pgl-1 (35) (36) (37) . We did not identify mutations in the glp-1 or pgl-1 genes in the ac319 mutant animals. However, using flanking primers, we initially failed to amplify and sequence the mes-1 gene in ac319 animals. Further analysis showed that ac319 animals carry an 11,490-bp deletion on chromosome X that ranges from 18,338 to 29,827 (Fig. 7A ). This deletion encompasses three genes, including xtr-1, F54F7.8, and mes-1. The mes-1 gene encodes a receptor tyrosine kinase-like protein that is required for unequal cell division in the early embryonic germ line (38) . In addition, animals carrying mutations in mes-1 exhibit a maternal effect sterility phenotype similar to that observed in ac319 mutants (39) .
Thus, we decided to study the susceptibility of mes-1(bn7) animals to P. aeruginosa-induced neurodegeneration. To observe neurodegeneration, mes-1(bn7) was crossed with strain OH3192. As shown in Fig. 7B , sterile but not fertile mes-1(bn7) animals were resistant to neurodegeneration induced by P. aeruginosa infection. Similar results were observed using OH3192 animals carrying a mutation in the maternal effect gene pgl-1(bn101), which is required for postembryonic germ line development (Fig. 7B) .
To confirm that the absence of mes-1 caused the ac319 animals to become resistant to pathogen-induced neurodegeneration, we created ac319 animals expressing mes-1 under its own A, survival curves of OH3192, ac319 fertile, and ac319 sterile young adults exposed to P. aeruginosa. p Ͻ 0.0001, OH3192 versus ac319 sterile animals. B, images of the ASER neuron of OH3192, ac319 fertile, and ac319 sterile young adults exposed to P. aeruginosa. Scale bar, 50 m. C, neurodegeneration rates of OH3192, ac319 fertile, and ac319 sterile young animals exposed to P. aeruginosa. Synchronized young adult animals were cultured on full lawn plates of P. aeruginosa for 30 h at 25°C. The neurodegeneration rate of OH3192, ac319 fertile, and ac319 sterile animals was scored using a Leica M165 FC stereomicroscope. Asterisks indicate significant differences (*, p Ͻ 0.05; **, p Ͻ 0.01). The graph represents the combined results of three independent experiments (n ϭ 60 Ϯ 5 animals). Bars, mean Ϯ S.E. (error bars).
promoter. As shown in Fig. 7B , the enhanced resistance to neurodegeneration of ac319 animals was completely abolished in these animals. The expression of mes-1 also rescued the sterility of the ac319 animals (data not shown). We used two additional germ line-deficient mutants, glp-1(e2141) and glp-4(bn2), to further investigate the role of sterility in resistance to pathogeninduced neurodegeneration. Both glp-1(e2141) and glp-4(bn2) animals displayed reduced levels of neurodegeneration following P. aeruginosa infection (Fig. 7C ), confirming that sterility may confer protective effects to neurons in response to pathogen infection.
Taken together, these results suggest that the deletion of mes-1 in ac319 animals may be responsible for the maternal effect sterility and enhanced resistance to pathogen-induced neurodegeneration and that sterile animals more efficiently deal with the deleterious consequences of bacterial infections compared with wild-type animals.
DAF-16 Is Required for the Resistance to Pathogen-induced Neurodegeneration of Germ Line-deficient Animals-The FOXO transcription factor DAF-16 is known to control a variety of physiological processes in C. elegans, including longevity, the stress response, and immunity (40 -44) . Thus, we investigated whether the enhanced resistance to pathogen-induced neurodegeneration of mes-1(bn7) animals also required DAF-16 activity. RNA interference (RNAi) was used to knock down DAF-16 activity in mes-1(bn7) animals. The resistance of mes-1(bn7) animals to P. aeruginosa-induced neurodegeneration was significantly reduced by daf-16 RNAi (Fig. 8 ). DAF-16 was also required for resistance to the pathogen-induced neurodegeneration of glp-1(e2141) animals ( Fig. 8 ). However, daf-16 RNAi did not fully suppress the enhanced resistance to P. aeruginosa-induced neurodegeneration of mes-1(bn7) or glp-1(e2141) animals, indicating that some other factors might be involved in this process.
Discussion
Increasing evidence indicate that microbial infections and neuroinflammation can potentially trigger neurodegenerative diseases. Given the molecular conservation of neuronal signaling pathways across vertebrates and invertebrates, a number of investigators have utilized the nematode C. elegans to study the mechanisms underlying neurodegenerative disease pathology. Here, we sought to investigate the potential relationship between bacterial infection and neurodegeneration using C. elegans. Our findings indicate that host changes induced by P. aeruginosa infection result in axonal degeneration and aberrant neuronal sprouting similar to that observed in aged animals and patients with neurodegenerative disorders.
To study the neurodegeneration induced by P. aeruginosa infection, we used three C. elegans strains that express fluorescent proteins in sensory neurons and discovered four types of morphological changes, including beaded dendrites, branched somas, wavy dendrites, and branched dendrites (Fig. 1) . In C. elegans, novel outgrowth phenotypes, including branching from the main dendrite or new growth from the soma, appear at a high frequency in some aging touch neurons, but the incidence of beads and protrusions declines in older PLM neurons (9) . We found that P. aeruginosa-induced neurodegeneration results in both new dendrite growth and the generation of beads and protrusions, suggesting that different mechanisms may be involved in neurodegeneration caused by aging or pathogen infection.
To provide insight regarding the molecular mechanisms that regulate P. aeruginosa-induced neurodegeneration, we employed an unbiased forward genetics approach that resulted in the isolation of a mutant carrying a deletion that includes the mes-1 gene. In subsequent studies, we demonstrated that animals carrying mutations in the maternal effect sterility genes mes-1 or pgl-1, which are required for postembryonic germ line development, were resistant to P. aeruginosa-induced neurodegeneration. These findings indicate that germ line loss results in resistance to pathogen-induced neurodegeneration. We also demonstrated that the DAF-16 transcription factor is required for resistance to neurodegeneration in mes-1 and glp-1 animals. DAF-16 plays an important role in the control of longevity and immunity (40 -44) . In addition, it is known to control the extended life span of glp-1 animals and the enhanced resistance to pathogens of glp-4 animals (37, 45, 46) . Our results strengthen the notion that DAF-16 functions at the intersection of pathways that control immunity, longevity, and stress responses. The enhanced resistance of germ line-deficient animals to P. aeruginosa-mediated killing and P. aeruginosa-induced neurodegeneration may be due to general stress resistance. It is also possible that neurodegeneration induced by P. aeruginosa requires cell-nonautonomous signals that originate in the germ line.
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